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bulk  sloraRC.  St  i*  tho  rnsfionnlhllltf  ef  Ih# 
reelpicnl  to  it  Vo  Isdieat#  tbp 

jtvHslaiisifioatioa  c.otioa  sUava  kerttiiit, 
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e  apetd  of  sound  In  vator 
S  acceleration  due  to  gi'avlt^ 

L  a  convenient  linear  dlaenslon 
SI  naas  per  unit  area  of  a  plate 
s  distance  frqn  a  surface  alon^  its  noraal 
p  pressure 

p^  breaklngopressure*  |t  uhieh  eavltatloo  occur* 
cavity  preesure  or  pressure  in  oavltated  reglca 
p^  hydrostatic  pressure 

p ,  p“  pressure  in  incident  and  reflected  ita*»>tr*iii*,  mpectively 
p,  see  Equation  H?)  on  page  12 
q  see  equation  li6]  oo  page  13 
V  particle  veloeitf 
v„  cartesian  ooeponenta  of  e 

particle  velocity  juat  ahead  of  a  breaklt^-froat.  reckoned  aa 
positive  auay  fro*  the  front 
eonponent  of  *4  nofsal  to  the  boundarf 
Vf  particle  velocity  In  a  eovltetad  regten*  raekonai  aa  positive 
touard  a  breaklng»front  but  auay  fro«  other  boenierlee 
•„  coeponent  of  v,  nomal  to  the  boundery 
v<t>  *<«  certcelen  coeponante  of  v« 

V4  valoeity  of  propagatloo  of  a  breoklngofrcot 
velocity  of  propaptioo  of  0  cloainffMat 
a,  y, I  cartesian  coordinates 
o  MS  Equation  {12) 

0  frectlon  of  space  free  of  uater  Sa  e  ceviteteri  ngion 
p  deoeity  of  ueur 


EXPLOSIVE  LOAD  ON  UNOERVATER  STOIICTURES 
AS  HODIFIED  BY  BULK*  CAVlTATIOi 

ABSTRACT  \ 

Vhereas  cavitation  la  aoat  eomonly  obaerved  at  the  Interface  be* 
tween  water  and  a  aolJLd  aurfaee,  there  are  Indlcatlona  that  It  waf  alao  oeeur 
In  the  nldat  of  a  siaaa  ef  water.  Such  cavitation  aav  nodlfy  the  action  of 
exploalve  preaaure  wavea  upon  struoturea.  Thla  la  poaalble  tdterever  reflec* 
tlon  of  the  wave  glvea  rlae  -to  tenalon  In  the  water.  4p  extension  of  hydiv)* 
dynaeleal  theory  to  cover  auch  oaaea  la  described  In  this  report. 

It  Is  shown  that  cavltated  regions  should  be  fonNd  through  the 
propagation  of  breaking-fronts  novlng  at,  aupersemie  veloeiiy.  The  cavitation 
should  usually  .take  the  forn  of  snail  bubbles  oontinuously  dlstrlbuiedt  rath¬ 
er  than  of  large  voids.  Subsequently  the  esvttstlon  will  be  destroyed  ss  the 
boundary  of  the  cavltated  region  contracts  and  acts  ss  a  eloslng-front.  The 
relevant  nathemtlcal  fortaulas  are  cited. 

Slnllltude  relations  are  discussed,  and  the  theory  la  applied  to  • 
plane  wave  falling  normlly  upon  a  piste,  and  to  the  explanation  of  the  done 
that  is  foraed  over  large  charges  sxplodsd  In  ths  ««•. 

XIRRODUCTIOM 

The  study  of  the  bcltavlor  of  ship  strueturcs  when  loaded  by  an  un¬ 
derwater  explosion  is  a  najor  projeot  at  ths  David  N.  Taylor  Model  Basin, 

Oood  progress  has  been  node  toward  an  understanding  of  the  preeture  field 
In  opep  water,  with  all  boundaries  well  reaoved,  and  to  thie  extent  the 
groundwork  has  been  laid  for  defining  teed,  laporient  gips  still  exist  In 
this  line  of  inforwitlon,  however.  The  energy  bslence  te  etlll  tnconplete, 
so  that  U  la  not  yet  poseible  to  say  what  fraetlon  of  the  exploeiwe  energy 
is  nade  available  In  the  first  cyele  of  pulestloo  of  the  ps  globe.  It  Is, 
therefore,  still  teposatble  to  evaluate  the  effect  of  the  dtepUecnent  of 
the  gat  globe  which  wiy  put  ite  center  at  a  point  nearer  the  target  at  the 
end  of  the  first  cycle  than  at  ita  beginning,  (iuestlcoe  ef  thle  eon  have 
led  ethers  eleo  to  conclude  that  sound  fundanental  data  are  atiU  aoat 
tueeessry  (')♦** 

questtona  relating  to  the  propertlce  of  the  tevyrt,  ee  dletlngulahed 
fro*  the  load  which  the  explosion  puts  on  the  target,  ere  aet  aside  for  eepe* 
rate  conalderatlon.  It  any  he  assumed  that  La  thla  report  the  lead  la  treated 

*  VM«  IMW  U  rwUiN'  tmt  II  •III  W«  a*riM4  Mil  SlMWfMC  !•  ilw  rW|Mrl. 

**  SwOim  to  y>fn>ito’»*i  toaiwto  foTmocM  «•  Of  %t  iwto  Ms«rt. 


la  terns  of  a  target  of  arbitrarily  aasuaed  properties,  such  as  night  serve 
to  neasure  directly  the  pressure  in  the  tater. 

The  behavior  of  an  acoustical  wave  incident  on  a  solid  or  free 
boundary  in  water  is  rather  fully  understood;  and  the  shock  wave  radiated 
fron  an  explosion  In  water  partakes  In  large  degree  of  the  nature  of  an 
acoustical  wave.  £v«n  in  such  waves,  however,  the  continuit-  ..f  the  nsdiua 
is  believed  to  be  broken  at  tines  by.  tensile  effects  to  which  the  water  re> 
spends  by  cavitation.  In  the  shock  wave,  where  pressures  are  a  whole  order 
higher  than  in  an  acoustical  wave,  eavitation  naturally  has  that  nueh  nore 
significance.  Anong  the  problems  which  wst  be  solved  before  interactions 
between  field  snd  target  can  be  subjectsd  to  study  by  calculation,  that  of 
cavitation  aust  rank  hi^  in  taportanes. 

KYDRC^yNAKICAI.  THEOgy  OP  CAVlTATlOi  IW  BOU 

In  practical  experlsnet  eavitation  uaually  originatea  tatween  water 
and  a  solid  surface,  auoh  as  a  propeller  blade,  there  are  some  indleationa, 
however,  that  It  nay  alao  occur  In  the  midst  of  a  mass  of  water,  as  for  ex* 
asple  when  explosive  preseure  ttavee  are  reflected  from  the  surface  of  the  sea. 
To  determine  the  effect  of  eueh  cavitation  upon  the  notion  .of  the  water,  a 
certain  extension  of  hydrodynaaleal  theory  Is  required. 

In  the  present  report  the  necessary  extension  of  the  theory  will  be 
described,  but  the  cooplete  asthenatical  datalle  will  be  publiehed  elsewhere 
(2).  the  theory  is  based  upon  certain  simple  sssuaptione,  ^ieh  ere  laid 
down  wiUiout  entering  upon  the  eosplicated  queeticn  ae  to  the  nature  of  the 
cavitation  proevss  iteeif.  t^  appileations  of  the  theory  will  be  diecussed, 
dealing  respectively  with  the  iapset  of  e  preesure'  wave  upon  e  plate,  page  >(V 
snd  upon  the  surface  of  the  sea,  page  t9. 

the  foiiowlng  assusptions  will  be  wade: 

(a)  eavitetien  occurs  idterever  the  pressure  in  the  water  sinks 
to  a  fixed  value  p^,  called  the  IrceJtief-prtstwrv; 

(b)  upon  the  occur.^'ence  of  cavitetion,  the  pressure  instantly 
beecAes  equsl  to  s  fixed  value  p,,  called  the  tevtiy  pres’> 

idiich  catwMt  be  less  than  p^,  ao  that 

n-Sy.  lU 

(c)  idten  the  pressure  rises  aboee  p,.  the  cavitation  diaappeare 
instantly, 

hew  far  these  ossuaptiens  corrcsiiond  to  the  actual  behavior  of  wa* 
ter  la  not  yet  tutown.  the  value  to  be  assigned  to  p,  it  discussed  briefly 
on  page  \1.  the  eavitaitoo  will  undoubtedly  take  tiis  form  of  seall  bubblea 
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scattered  throu^  the  water.  SucK  bubbles  have  often  been  observed,  but 
many  eases  they  seen  to  conjuiin  air  In  addition  to  water  vapor,  and  they  do 
not  always  disappear  when  the  pressure  Is  raised.  All  sueh  conpllcations 
will  be  Ignored  here,  however,  in  order  to  obtain  a  tractable  analytical  the¬ 
ory.  •  The  bubbles  aay  be  supposed  to  be  so  ssell  that  the  resulting  Inhoao- 
genelty  of  the  water  nay  be  neglected;  and  p,  aay  be  supposed  to  equal  the 
vapor  pressure  of  the  water. 

The  discussion  will  be  United  to  notion  that  la  Irrotatlonal  or 
^  free  fron  vortices,  notion  such  as  can  be  produced  by  the  action  of  pressure 
upon  frictionless  liquid.  Purthernore,  all  varistlona  of  pressure  will  be 
assuned  to  be  snail  enough  so  that  the  usual  theory  of  sound  waves  Is  appli¬ 
cable  to  the  unbroken  water;  but  no  Unit  need  be  aet  upon  the  aagnftude  of 
Its  particle  velocity. 

flREAKINO-FROKTS 

Cavitation  will  begin,  according  to  the  assuspclons  Just  nads.  In 
'  a  region  where  the  pressure  is  falling,  and  at  a  point  of  nlnlnun  pressure, 
at  the  instant  at  whloh  the  pressure  slides  to  A  cavity  will  for*  end 
this  eavity,  for  rcasona  lying  outside  the  sssuaptiofis  of  the  analytleal  the¬ 
ory,  will  at  onee  becone  subdivided  into  bubbles.  Since,  however,  the  pres¬ 
sure  will  be  sinking  In  the  neighboring  water  alee,  the  aaae  pmeM  will 
soon  occur  at  neighboring  points  as  well. 

Ttius  a  cavitaied  region  will  fom,  sur¬ 
rounding  the  point  of  Inltlstlon.  The 
boundary  of  this  region  will  sweep  cut 
Into  the  unbroken  water  as  a  breaklng- 
frent,  Figure  t.  Since  the  pressure 
gt^dlcnt  at  the  Inltltl  point  of  nlnl- 
taw  pressure  Is  tern,  the  vcloelty  cf 
advance  of  the  trcaklng-frent  Ir  seen 
to  be  infinite  at  first.  Just  as,  when 
a  rounded  bowl  is  lowered  into  water, 
the  boundary  of  the  wetted  region  eovee 
out  at  first  at  Infinite  speed.  Hence 
cavitation  occurs  alnost  sisultaneeusly  throughout  a  oonslderablt  voiune,  re¬ 
sulting  In  a  fairly  unlfem  distribution  of  bubbles:  there  Is  no  reason  to 
capect  the  lastedlste  forentlcn  of  a  large  cavity  anywhere. 

the  speed  of  propagation  of  the  breaklng-frcnt  relative  to  the  wa¬ 
ter  ahead  ef  It,  can  te  shown  never  to  sink  below  the  speed  of  sound,  c. 
Usually  Is  greater  Usut  «.  fhia  eeans  that  no  influence  can  be  propagated 


Figure  1  •  An  Expanding  Breaking- 
Front,  where  p  •  p^.  Surrounding 
a  Cavltnted  Region 


past  a  br«aklng-fNnt  Into  the  region  ahead  of  it.  The  production  of  the 
eavltated  region  is  thus  a  consequence  solely  of  processes  oeeurriitg  in  the 
unbroken  uater  or  on  its  boundaries,  as  a  result  of  which  the  pressure  In 
successive  portions  Is  lowered  to  the  breaking-pressure  *,  the  front  Is  nerely 
a  particular  surface  of  constant  pressure  advancing  in  accordance  with  the 
ordinary  equations  of  wave  propagation.  Its  speed  of  advance  is  found  to 
be  (2) 


l!a  +  + 
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where  d;^da  denotes  the  noreal  pressure  gradient  or  the  rate  of  increase  of 
the  pressure  along  s  noi*nial  to  the  front  drawn  into  the  unbroken  water,  and 
V,.  «».  •.  are  eoBpcnents  of  the  particle  velocity  taken  In  the  directions 
of  cartesian  axes  In  order  that  the  pressure  nay  sink  as  front  ap- 
proaches,  the  nu  ator  In  Equation  U)  *ust  be  poaltive. 

If  is  less  than  p,,  there  is  a  diseontlinilty  of  pressure  at  the 
breaking-front,  so  that  the  pressure  is  altead  of  it  and  p,  behind  it. 

Thus,  while  the  front  is  traversing  an  elenent  of  water,  the  clesent  is 
kicked  forward  by  the  excess  of  pressure  acting  on  ita  rear  face.  If  r,  la 
the  particle  velocity  Just  ahead  of  the  front,  and  if  it  the  cccpcnent  of 
this  velocity  in  a  direction  perpendicular  to  Uve  front  or  to  the  boundary  of 
the  eavitated  region,  taken  positive  toward  the  unbroken  water,  end  if  v,  and 
denote  corresponding  quantities-  in  the  eavitated  region  Just  behii^  the 
front,  then  the  analyaie  (2)  indicates  that 

iJi 

Cenponents  of  velocity  paraiiei  to  the  boundary  arv,  however,  left  unaltered, 
thus.  If  pf  •  p,.  the  particle  velocity  is  left  entirely  unaltered  by  the 
passage  of  the  breaktng-froni.  but  if  p,  Is  Use  than  p,  there  U  e  dlscoa- 
tinuity  in  iu  cospenent  perpendicular  to  the  front. 


thE  CAVintiD  hKdiiai 

Cenditions  within  the  region  of  cavitation  sust  be  eseparatively 
slnple.  Sif'tc  there  is  no  pressure  gradient,  and  the  pressure  Is  uniforUy 
equal  to  p,,  the  particle  velocity  oust  be  censtant  in  Uee,  rctainini  the 
value  et  which  It  was  left  by  the  passage  of  the  breaklnp-front. 

if  p,  •  p,,  the  particle  velocity,  being  unaltered  by  the  passage 
of  the  breaU«^-front,  retains  its  expandin*  character,  tn  this  esse,  ac¬ 
cording  to  our  assuxptiona,  tho  fraction  q  of  the  space  that  ta  cceuplcd  by 
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bubbles  Increases  steadily  from  an  Initial  value  of  zero.  If  la  less  than 
p,,  hovever,  a  certain  volume  of  apace  la  freed  at  once  by  eoiiiresslQn  of  the 
vater  as  its  pressure  rises  from  p^  to  p^.  The  general  fonaila  for  a  at  any 
point  In  the  cavltated  region  at  time  t  la  (2) 

kdiere  la  the  time  at  vhleh  cavitation  occurred  at  this  particular  point 
*u>  *<»•  *«*  coaponenta  of  the  particle  velocity  v,  in  the 

directions  of  the  z.  y,  and  t  axes,  /^iparently,  if  p^  is  lets  than  p,,  n  nay 
either  increase  or  decrease,  or  neither,  after  the  breaklng^front  hat  pasaed. 

THE  CAVITATION  liOCMMRY 

then  the  boui>dary  of  the  cavltated  region,  advancing  aa  a  breakings 
front,  arrlvea  at  a  point  beyond  tdiich  aa  given  by  Etiuatlen  (2)  eould  be 
Itaa  than  tha  speed  of  sound,  e,  the  analysis  idtoMS  that  It  wat  halt  abrupt* 
ly.  This  my  be  regarded  as  happening  either  because  the  llgutd  ahead  of  the 
front  la  not  expan4i<\g  vith  sufficient  rapidity,  thst  la,  the  numrator  in 
equation  (2]  is  too  smll,  or  btcause  an  axceaalva  prtssurt  gradient  has  bean 
encountered,  that  la,  the  denominator  it  too  large.  The  boundary  amy  then  do 
either  of  tvo  things.  Which  it  vill  do  is  found  to  depend  in  part  upon  tha 
particle  velocity  in  the  nelghborint  cavltated  region,  but  in  larger  daiprca 
upon  conditions  in  the  sdiaeent  unbroken  llguid. 

One  alternative  la  that  the  boundary  my  stand  still  as  a  tiaiiewry 
beaederp,  as  shttvn  In  Plgurt  2,  uhere  any  wsvea  of  preeaurc  that  any  ba  incl» 
dent  upon  it  fro«  the  unbroken  aide  are  reflected  as  if  from  a  free  surfaea. 
this  mmt  occur  vhenever  the  incident  eaves  era  very  eesk. 

the  <;th«r  slternstsve  is  ti^t  destruction  of  vm  caeltatlM  aay  be¬ 
gin,  tlmt  it,  the  boundary  any  recede  toeard  the  cavltated  region,  leaving 
tha  lii)ald  unbroken  a^ln  behind  it.  Such  a  boundary  may  ba  called  a  ctMiep'' 
/rest.  Apparently  It  aay  be  of  either  wf  tuo  die* 
tlnet  types. 

ctdSnid-PHdirrd 

CloeU^  of  the  cavitation  amy  result  from 
a  eonlraetlng  motion  in  tha  cavltated  region  itself, 
ohen  U-.e  dietributloti  of  the  ealues  of  v,  at  differ¬ 
ent  points  ere  such  that  the  bubbles  tend  to  decrease 
111  tier.  This  can  happen,  however,  only  If  p,  le  2  .  a  Stationary 

leas  than  p,i  for,  ae  already  remarked,  if  p^  •  p,  geuntery 
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the  water  retalne  the  expanding  aotSm  which  trought  about  the  cavitation. 

If  contraction  of  the  bubble*  occur*  near  a  part  of  the  boundary  at  whl^ 
q  -  0.  this  part  of  the  boundary  will  advance  Into  the  eavltated  region  aa 
a  closing-front.  A  closing-front  of  this  type  aay^  be  called  an  i*tri*$ie 
one;  the  analysis  shows  that  It  aust  advance  at  a  speed  exceeding  the  speed 

of  sound,  slse  It  will  at  once  change  Into  the  other 
type,  to  be  described  next. 

#When  recession  of  the  boundary  of  the  eav> 

Itated  region  la  caused  by  eondltlons  ::n  the  un¬ 
broken  water,  the  boundary  toy  be  called  a  forced 
closing-front.  Figure  ).  Its  notion  Is  essentially 
an  Inpact  process,  slallar  to  that  vMicb  occurs  wh*o 
a  locoautlve  picks  up  Ui«  slack  In  a  long  string  of 
ears.  Uyer  after  layer  of  the  eavltated  water  Is 

Figure  5  -  A  Forced  coapreesed  lapulslvely  fro*  ».  lo  soae  higher  prea- 
CloslnK-Front 

^  sure  p,  and  Ita  ccapotient  of  velocity  norcnl  to  tha 

boundary  Is  likewise  changed.  It  is  aseuiMd  In  th* 
Idealised  theory,  as  already  stated,  that  the  cavltetlcn  bubblea  clot#  in¬ 
stantly  aa  ttte  eloslng-tront  pauses  ever  t)w*.  K,  In  reality,  they  eonUin 
a  kernel  of  air  or  other  foreign  gw*  which  rei^ulres  Use  to  rcdlsaolvt  in  kh* 
liquid,  the  process  wiu  be  aodlflcd. 

It  can  be  shown  that  a  forced  closing-front  cannot  nova  faater  Uia* 
cound,  relatively  to  the  unbroken  liquid  behind  It,  but  exact  c«)ttailona  cov¬ 
ering  Us  notion  ore  difficult  to  foraulete  lo  tha  general  easa.  the  reaeaci 
can  bo  said  to  lit  in  diffraction  of  tha  wavea  that  are  Uwldmi  on  th* 
boundary. 


Figure  5  -  A  Forced 
Closing-front 


m  ^DltSkSlOkAL  CASS 

tit#  one-dliMnslofdl  esse,  on  tha  other  hand,  lo  oaally  treated  in 
nore  detail.  If  th*  notion  la  confined  to  on*  dlMnslon,  us*  nay  be  and*  of 
the  fonlllor  fact  Uist  any  one-dl*tnetcml  dlbturbsnce  In  unbroken  liquid  la 
e<$ulvsl*nt  to  two  superposed  trains  of  plane  waves  traveling  In  opposite  di¬ 
rections.  one  of  these  two  trains  will  fall  at  nonasl  Incidence  uoon  the 
plane  boundary  of  the  eavltated  region,  while  the  other  will  be  lesvliki  It 
ccntlnually  as  a  reflected  train  of  waves.  2i«ple  equations  can  then  be 
written  in  terns  of  these  trains. 

Let  p'  denote  the  pressure  in  the  Inctdtnt  wave  train,  and  let  e^ 
denote  the  particle  veioeity  in  the  eavltated  region.  Measured  positively  now 
toward  the  eavltated  side  of  the  boundary,  then  the  analyata  (2|  li^Uates 
that,  if 

F' £  <|(p,  e  p«*,l 


7 


the  boundary  remains  at 
rest,  except,  of  course, 
as  it  my  move  slightly 
with  the  particle  veloc¬ 
ity  of  the  water.  The 
incident  waves  are  re¬ 
flected  as  If  at  a  free 
surface  at  which  the 


o* 

/•  * 
"  i  *  • 

^  4 

C  ^  a* 

,^9  9 


,  ,  Figure  4  -  A  Plane 

pressure  is  always  p,;  Stationary  Boundary  Closing-Front  advancli 
see  Figure  4.  This  case  toward  the  Right 

will  occur,  for  example, 

whenever  the  Incident  waves  are  waves  of  tension  but  are  not  of  sufficient 
strength  to  cause  fresh  cavitation. 

If,  on  the  other  hand. 


Figure  5  “  A  Plane  Forced 
Closing-Front  advancing 
toward  the  Right 


p'  >-|-(f.  +  p«*.) 


the  boundary  advances  toward  the  cavltatcd  region  as  a  forced  closing- front; 
see  Figure  5.  For  tha  pressute  p  and  the  particle  velocity  •  of  the  unbroken 
water  Just  behind  the  front,  the  latter  taken  positive  toward  the  side  of 
cavitation,  and  for  V,,  the  speed  of  advance  of  the  front  relative  to  the 
cavitated  water  ahead  of  It,  the  following  formulas  are  obtained  (2) 

151 


_  10  +  il(« -1*) 

0  -  V.  -  w 


V,  •"  * 


+  nU  -  w) 


p  is  the  density  of  water  and  e  the  speed  of  sound  in  It,  and  q  la  the  frac¬ 
tion  of  space  that  is  occupied  by  bubbles. 

According  to  Equation  (?}•  V,  ■  e  if  q  >  0.  The  boundaries  at 
which  q  ■>  0  constitute,  however,  a  singular  case  which  will  uaually  be  of 
momentary  duration. 

The  most  interesting  example  of  suoh  a  boundary  la  a  breaking-front 
which  has  Just  ceased  advancing.  Usually  the  advanee  ceases  beeaust  has 
sunk  to  e  and  would  go  below  this  value  If  the  front  advanced  farther;  then, 
by  Equation  [4],  q  ■  0  st  the  front.  Furthermore,  by  Equation  (}],  In  which 
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•j,  ■  and  In  view  of  the  differences  In  the  choice  of  the 

positive  direction  for  velocity,  as  Illustrated  In  Pljcures  1  and  4, 


Here  and  represent  pressure  and  particle  velocity  Just  behind  the  front; 
so  that  *  p’  >  v“  where  p“  is  the  pressure  In  the  reflected  vavei  whereas 
by  the  usual  acoustic  equations  pet^  •  p’  -  p*.  It  follows  that 

P’  *  I  (P«  +  Pev«) 

Comparison  of  this  equation  with  inequalities  previously  written  Involving  p* 
shows  that  the  furttier  behavior  of  the  boundary  will  depend  upon  the  subse¬ 
quent  course  taken  by  the  Incident  pressure  p* .  If  p  *  Increases  as  time  goes 
on,  the  boundary  will  at  once  start  back  toward  the  cavltated  region  as  a 
forced  c\o8in£;-front;  whereas,  if  p*  remains  constant  or  decreases,  tJie 
^bound?,  t""*  remain  stationary,  constituting  a  free  surface. 

PIMITE  GAPS 

Cavitation  in  the  midst  of  a  maas  of  liquid  mist  ordinarily  oonslat 
of  small  bubbles  which  can  be  assumed,  for  analytical  purposes,  to  be  con¬ 
tinuously  distributed.  There  appear  to  be  only  two  ways  In  which  large 
spaces  or  gaps  can  be  formed  in  a  liquid  by  hydrodynamic  action  not  Involving 
the  notion  of  eolids. 

Rotational  motion  nay  have  the  effect  of  lowering  the  preasure  to 
the  breaking-point,  es  In  an  eddy,  atid  then  forming  a  cavity.  Such  motion, 
however,  is  excluded  in  the  present  discussion. 

If  the  motion  Is  of  the  Irrotatlonal  or  potential  type  a  gap  can 
term  only  If  p^  <  p,,  where  a  wsve  of  tension  falls  upon  the  boundary  of  a 
eavitwted  region  already  formed  and  eauaea  the  aurface  of  the  unbroken  water 
to  wlUtdrew.  Such  a  gap  will  pretuably  take  the  fora  of  a  layer  of  especial¬ 
ly  large  bubbles  between  the  broken  vitd  unbroken  water. 

When  cavitation  resulte  from  the  impact  of  a  wave  of  tension  upon 
the  Interfsee  between  water  and  a  solid,  its  character  will  depend  upon  the 
relative  magnitudes  of  the  breaking-pressure  for  a  vster-tolld  and  for  a 
water-water  surface.  If  the  breaklng-presaure  between  solid  and  water  la 
higher  titan  that  within  the  water  itself,  breaking  will  occur  first  at  the 
solid,  with  the  forratlon  of  a  gap  or  cavity.  Otherwise  continuously  distri¬ 
buted  cavitation  will  form  In  the  water,  a  layer  of  *drich  will  be  left  in 
contact  with  the  aolld.  khat  the  facts  are  tn  the  case  of  explosive  preasure 
waves  inplnglng  upon  painted  or  corroded  steel  la  not  yet  known. 


The  subseQuent  closing  of  a  gap,  provided  It  does  not  contain  an 
appreciable  amount  of  air  or  other  foreign  gas,  will  result  In  the  usual 
water-hansier  effect.  If  the  gap  closes  against  a  rigid  boundary  moving  at 
fixed  velocity  and  s’  is  the  particle  velocity  of  the  advancing  water, 
the  pressure  rises  instantaneously  from  p,  to  p,  +  pc(v’  -  »"),  When  a  gap 
closes  in  the  midst  of  the  water,  however,  with  a  difference  s’  -  s'  in  the 
particle  velocities  on  the  two  sides  of  the  gap,  the  intact  pressure  is  only 
gpelv’  -  s");  here  the  pressure  at  the  gap  rises  instantaneously  from  p,  to 
p,  *  ^pe(e*  -  v').  The  action  is,,  in  fact,  the  same  as  if  the  two  masses  of 
water  hid  impinged  simultaneously  and  from  opposite  sides  upon  a  thin  solid 
sheet  moving  with  the  mean  velocity  of  the  water  or  a  velocity  j  (s’  +  e"). 

CAVITATION  AND  DYNAWCAL  SIMILARITT 

Cavitation  in  the  midst  of  a  liquid  differs  in  its  effect  upon  re¬ 
lations  of  similarity  from  cavitation  at  the  siu'face  of  a  solid. 

A  glance  at  tlie  dlffei'ential  equations  of  sound,  or  at  some  of  the 
equations  written  in  this  report,  shows  that,  in  constructing  a  possible  mo¬ 
tion  similar  to  a  given  one,  ‘but  on  a  different  scale,  it  is  necessary  to 
preserve  unchanged  at  corresponding  points  the  values  of  the  two  dinenalon- 
less  quantities 


whore  p  is  the  pressure  referred  to  any  chosen  datum  or  zero  of  pressure, 

V  is  the  particle  velocity, 

p  is  the  density,  and 

e  Is  the  speed  of  sound  in  the  liquid  in  question,  here  water. 

In  a  given  liquid,  with  fixed  p  and  e,  it  follows  Uat  both  p  and  tho  par¬ 

ticle  velocity  must  be  preeervod  at  corresponding  points.  The  only  transfor¬ 
mation  that  is  possible  Is  thus  the  simf»le  one,  fas.! liar  in  Uie  diseussitM  of 
imderwttur  explosions,  in  which  all  linear  dimensions  and  all  times  are 
changed  in  the  sane  udform  ratio.  The  occurrence  of  cavitation  st  fixed 
values  of  p,  at\d  p,  alters  notlitr^  in  '.his  conclusion  so  long  us  cavities  of 
uppreoUble  sise  do  iwt  fbrm. 

If  lar^se  j?aps  occur,  however,  gravity  tsay  play  a  role  in  their 
nel^borhcod,  Tncn,  froai  such  equations  as  «  •  gyt*  and  p  •  ppfc,  whei'e  <  is 
the  displacement  ir.  time  l  or  ft  Is  the  static  head,  it  is  evident  that,  for 
slBilarliy  to  held,  an  additional  quantity  cuct  be  preserved.  This  may  be 
written  in  varlcus  forms,  sudt  as  ps  t*/s*  or 
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vher«  L  is  any  eonveident  lln^r  dimension.  It  Is  clear  that  L,  like  v*, 

Quut  be  kept  constant,  ^us,  if  cavitation  within  the  midst  of  a  liquid  la 
accompanied  by  the  formation  of  cavities  of  considerable  size,  no  transform 
mation  of  sioilarity  Is  possible  at  all. 

Otie  Inclusion  of  effects  of  viscosity,  on  the  other  hand,  requiring 
preservation  of  the  quantity 

£lk 

V 

where  v  is  the  viscosity,  is  known  to  destroy  the  possibility  of  similarity, 
irrespective  of  whether  cavitation  occurs  or  not. 

In  experiments  such  as  those  on  cavltating  propellers,  transforma* 
tions  of  similarity  can  be  made  for  two  reasons.  In  the  first  place,  the 
conprer.slbillty  of  ^he  water  cau  be  neslcctcd,  as  well  as  the  viscosity  ef¬ 
fects,  c  tnct  only  two  quantities  need  to  be  preserved  in  value,  such  as 

JL  ii 

In  the  Bee<'nd  place,  only  a  sinEle  cavitation  pressure  is  usually  recognized, 
and  this  can  be  taken  as  Mic  datum  pressure  which  is  held  constant.  The  usu¬ 
al  change  of  sea}*'  then  becomes  po'sible  in  which  all  linear  dimensions  and 
alsv,  the  excess  of  pressure  at  each  point  over  the  cavitation  pressure  are 
changed  in  propoi'tlon  to  v".  If,  however,  it  became  necessary  to  distinguish^ 
between  two  cavitation  p^essi  .^s,  u  breaking-pressure  and  a  cavity  pressure, 
toen  the  fixed  diffemiee  between  theae  two  would  require  all  pres8ui*e  dif¬ 
ferences  to  bq  fixed,  and  consequently  similar  motions  on  different  linear 
scales  could  not  occur. 

AFPLICATIOKj  CJlVlTATIOH  WIHI©*  A  PLATS 

simplest  ease  to  vhUh  the  anaiyloal  theory  of  cavitation 
can  bo  applied  *a  that  of  plane  waves  of  pressure  falling  at  nonoui  inci¬ 
dence  upon  a  uniform  plane  slicct  of  solid  saterial,  where  the  sheet  Is  so 
thin  Utat  elastic  propof^tion  throuj)  its  thickness  need  not  be  considered; 
woe  Figure  6. 

Various  aspects  of  this  ease  have  beer  diacusaod  in  several  roporta 
())  (‘(1  (5)  ir  the  pressure  wa*  ;s  of  Halted  length  and  of  suffi- 
eiently  low  intenfUy  to  make  rooustlo  theory  applicable,  snd  if  water  ean 
support  the  roquiaito  tenslcn,  then  It  has  been  shown  that  the  initial  for¬ 
ward  acceleration  of  the  plate  it  follovod  by  a  phase  during  which  It  la 
brought  to  rest  again  by  the  action  of  tension  in  the  water.  The  final  dla- 
placement  of  the  plate  Is  equal  to  tvlce  the  total  displacement  of  a  particle 
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of  water  due  to  the  Incident  wave,  or  the  same  as  the  displacement  of  the 
water  surface  when  the  plate  is  absent.  ' 

The  effect  of  cavitation,  on  the  other  hand,  will  vary  somewhat, 
according  to  the  point  at  which  it  oocurs.  There  are  two  possibilities: 

•  1.  The  plate  may  break  loose  from  the  water,  or 
2,  cavitation  may  occur  first  In  the  water  itself. 

1.  The  plate  nay  break  loose  from  the  water;  see  Figure  7« 

The  pressure  at  which  this  occurs  may  be  either  the  cavity  pressure 
p,  or  some  lower  pressure  p|*.  In  either  case,  the  surface  of  the  liquid 
then  becomes  a  free  surface  at  which  the  pressure  is  constant  and  equal  to 
p,,  and  the  remainder  of  the  incident  wavr  Is  reflected  from  this  free  sur¬ 
face.  The  plate,  meantime,  will  continue  moving  forward  until  it  Is  arrest¬ 
ed  by  other  forces.  The  pressure  p^,  atmospheric  or  otherwise,  acting  on 


Figure  6  •  Diagram  representing  Plant  Figure  7  *  Diagram  illustrating  tha 
kayos  of  Pressure  p  in  Water.  ^se  in  which  Cavitation  oooura 

failing  upon  a  Largs  Thin  Plait  at  a  Thin  Plata 

TU»  fUU  U  ky  («•  iht  Ktn  iWi  (•vtutto*  Ukti  Um  font  vf  ■  S«rtalto 

A  KflMUe  M««  af  ptMtMt*  #“  tr«v«U  «4vli/  1«  cUcS  Um  K*Mur«  U 

Sms  ieU  U«  MUr. 

the  opposite  face  of  the  plate,  nay  be  assumed  to  exceed  the  pressure  p.  In 
the  cavity  behind  It;  the  dlfforence,  -  p,.  will  suffice  eventually  to  tr- 
rost  tlie  motion  of  the  piste  and  to  cause  its  return  to  contact  with,  the  wa¬ 
ter.  Tttcro  may  also  be  other  forces  of  elastic  or  plastic  origin.  Xt  aay 
happen,  however,  as  suggested  by  Professor  0.1.  Taylor  (3),  that  spray  pro¬ 
jected  from  the  water  surface  will  tend  for  a  time  to  support  the  outward 
DOiion  of  the  plate.  When  the  returning  plate  atrlkea  tha  water,  an  impact 
wave  of  pressur*  will  be  produced  in  the  water  as  tha  plate  comes  exponen¬ 
tially  to  rest. 

If  the  incident  wave  Is  of  exponential  form,  explicit  fortxulaa  are 
easily  obtained.  This  case  la  discussed  at  length  by  Taylor  (S),  but  a  few 
details  may  be  given  here. 


Th®  e^uatiori  of  notion  for  th®  plit®  Is 

«  ^  I9l 

iihtire  p  Is  the  excess  of  pressure  In  the  Incident  wave  above  the  hydrosUtle 
pressure  which  Is  assuaed  to  be  the  saae  on  both  sides  of  the 
plate, 

p*  is  the  excess  of  pressure  over  p^  in  the  reflected  wave, 

M  is  the  nass  of  the  plate  per  unit  area, 

t  is  the  positional  coordinate  of  the  plate  in  a  direction  perpendlca- 
lar  to  its  surface,  and 
t  Is  the  tine. 

Elimination  of  p'  gives 

where  p  Is  the  density  of  water  and  e  is  the  speed  of  sound  In  it. 

here  Eijuations  (9l  2**  of  TMB  Report  *<80  (4). 

The  solution  of  Equation  (lOj  for  p  •  0  Is 


iimm  «' 
it 


With  a  suitable  choice  of  the  constant  w*,  this  solution  will  represent  U»e 
notion  of  the  plate  after  returning  to  contact  with  the  water  if  I  repretonU 
the  tine  aeaaured  from  the  Inatant  of  contact  and  (>•  la  the  velocity  of  the 
plate  at  that  inatant. 

To  represent  the  la^Kict  of  the  pressure  wave,  w#  set  p  -  0  for 
t  less  than  0  and,  for  t  grestar  thin  0, 

p  •»  p<t)  • 

in  terns  of  two  constants  p,  and  o.  It  ia  assused  that  the  diaplaceacnt  of 
the  plate  during  the  effective  tine  of  action  cf  the  wave  ia  negligibly  saall 
The  solution  of  Equation  HO]  that  represents  the  piste  aa  aUrting  froa  rest 
at  s  -  0  and  t  •  0  is  then  easily  verified  to  be 


{,-•*- e'^') 
it  pe  “  ««  ' 


see  TK9  Report  »60,  page  2$. 

The  corresponding  toul  pressure  oo  the  plate  above  hydrosUtle  is, 
froa  Equations  (91  and  (1)], 
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If  the  staple  assus^tlon  Is  not  jorift  that  cavitation  occurs  at  the 
surface  of  the  plate  as  scon  a*  the  pressace  sinks  to  a  certain  value  p^’, 
the  time  at  which  it  occtirs  can  be  found  It  fsttlng  p  p“  *  p/  -  p^  In 
Equation  1141  and  solving  for  U  The  cemapmding  value  of  dx/dt  as  ob¬ 
tained  from  Equation  tl}}  is  then  the  vdaeilt  with  which  the  plate  leaves 
the  water. 

For  the  special  case  in  which  p^  *  Pit  velocity  is  also 
the  naxlmvia  velocity  acquired  by  the  plate  mei  has  the  value 


(there 


as  given  on  page  7  oT  TMB  Report  489  (6). 
written 


foraaila  for  can  also  be 


-  k  -St.  ft  - 


where  k  is  a  dimensionless  number  and  p^pe  represents  the  particle  velocity 
associated  with  the  mxlnua  pressure  is  ttm  laeldent  wave,  ft  plot  of  k 
against  q  It  shown  in  Figure  8. 

If  is  less  than  p^,  the  plate  is  slowed  down  somewhst  by  the 
aotlon  of  U>e  pressure  p^  on  its  c^aslte  tee,  assisted  perhaps  by  tension 
in  the  water,  so  that  it  leaves  the  valeridth  s  velocity  less  than  «m«  • 

The  initial  velocities  of  dispSatte  seted  on  by  explosive  pressure 
waves  as  eeasut'ed  et  the  David  V*  Taylor  Mel  Basin  have  always  been  loss 
than  the  calculated  but  never  less  tfcms  half  ss  great.  Details  will  be 
reported  elsewhere. 

2.  Cavitation  nay  occur 
first  in  the  water  itselfs  ace 
Figure  9»  * 

Consideration  of  this 
ease  is  new.  if  s  fixed  breakii^- 
pressure  p^  is  assutaed,  the  point 
at  which  eavltation  starts  nay  be 
found  by  cxunlning  the  resultsnt 
pressure  distribution  In  the  water  p  .  Plot  of  the  Coefficient  k 

near  the  plate.  The  reflected  in  Equation  (17) 

pressure  p-(«)  at  the  plate  itself 

is.  from  Equations  li2}  and  (14)«  •»  um  mm  *««u. 


80  long  at  cavitation  do«a  not  occur, 


**  pt  -  aia  \}f^*  “  -(p< +«•«)•”** j  .  p81 

Let  8  represent  a  distance  fron  the  plate,  measured  positively  in  the  direc¬ 
tion  of  propagation  of  the  Incident  wave.  Then  Urn  pressure  at  any  point  be¬ 
hind  the  plate,  within  the  distance  to  which  the  reflected  wave  has  traveled, 
will  be 

»->(*-$)♦»•(•■>■  f)- 
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Cavitation  will  begin  where  p  as  given  by  this  equation  first  sinks 
to  the  breaking-pressure  p^.  Proa  this  point  a  breaking-front  will  advance 
toward  the  plate,  perhaps  all  the  way  up  to  It,  while  another  one  travels 
back  into  the  water.  The  latter  front  travels  forever,  In  the  present  case, 

provided  p^  Is  less  than  0,  but  the  cavi¬ 
tation  behind  It  soon  becomes  negligible. 
This  is  because  the  incident  wave  coon  be¬ 
comes  inappreciable,  and  the  receding 
breaking-front  soon  becomes  indistinguish¬ 
able  fron  that  particular  reflected  wave 
»— •  at  which  y*  •  P*  “  y*  #nd  travels  with  this 

wave  at  the  speed  of  sound.  F^uation  (b] 
then  gives  q  <•  0  behind  the  front. 

Figure  9  -  Diagram  illustrating  A,,  psrtlcle  velocity  ».  ahesd 

Cavitation  ocoura  in  Um  Water  ^  bscomea  that  of  the  reflected 

wave  or  •  .  (p,  -  pj/pc;  hence  by 

Equation  (>!•  In  which  •  c  and  the  al^a  of  v.,  and  v^,  must  be  ch.sng«d  to 

allow  for  the  difference  In  the- direction  chosen  for  a  posUlv’e  velocity,  the 
particle  velocity  behind  the  front  is  -  (p^  •  p^)/pe.  Htua  the  part  of  the 
ceflectcd  wave  from  2p^  to  p^  travels  on,  with  a  discontinuity  at  its  rear 
face,  leaving  the  pressure  uniformly  equal  to  p,  and  the  velocity  uniformly 
equal  to  -  (p,  -  p^l/pe  behind  it.  Only  e  Halted  region  of  cavitation  is 
formed  near  the  plate. 

the  process  by  which  the  plate,  after  being  returned  by  other 
forces  such  ss  air  pressure,  destroys  the  eavllettcn  sgain,  esn  be  followed 
by  numerical  integration  In  any  particular  east  that  may  arlae. 
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£P?£CT  OF  CAVITATIOX  OS  FRESSCRS 
Hie  action  of  an  axpoMn* 
tial  wave  upon  a  plate  la  iUua- 
trated  in  Figures  10  and  11,  wlileh 
are  drawn  to  represent  very  roiigt>> 
ly  the  action  of  the  Aoek  wave 
froa  300  pounds  of  TMT  upcn  a  plate 
of  steel  1  inch  thick,  or  froa  1 
ounce  of  TNT  upon  a  plate  lA7 
thick. 

Figure  10  shows  the  ex¬ 
cess  pressure  on  the  plate  itself, 
above  hydrostatic  pressure,  plottai 
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Figure  10  >  Pressure  on  a  Plate,  in  the 
Absence  of  Cavitation,  plotted 
on  a  Tins  Base 
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Figure  11  •  Distributions  of  tressure  behind  a  Plate  at  Suooestivt 
Instants  of  TUa,  la  the  Absence  of  Cavitation 
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on  a  baals  of  tine.  The  tine  scale  is  labeled  to  correspond  to  3C0  pounds  of 
fUTi  for  1  ounce  the  tisea  would  la  1/1 7  at  great.  One  curve  shows  the  Inci¬ 
dent  pressure,  or  the  pressure  that  would  ealat  In  the  water  at  the  location 
of  the  plate  if  the  plate  were  absent,  at  given  by  Equation  (12),  The  other 
curve  shews  the  actual  preasura  on  the  plate,  as  given  by  Equation  (Ik]. 

This  way  be  thought  of  as  aede  vp  of  the  Incident  pressure  p  tegether  with  s 
cooponent  of  pressure  p*  due  to  a  reflected  wave  that  travels  back  into  ths 


w‘*  -'•*  ■* 


'v.'’  v"  •  ‘ 


• •  •.  A  '.'a 


..  :M. 


4  ■  W  » 

'•'.’■•'N’Sv-*' 

I  • 

1 1* 

:  '■  ’•‘■v 

»  *  -  •  . 


'  / 


Flgurt  11.  on  the  other  hand,  shovs  the  Instantaneous  distribution 
of  pressui'e  in  the  uater  adjacent  to  the  plate,  plotted  against  the  distance 
frcm  the  plate.  The  distances  show  in  the  figure  correspond  to  300  pounds 
of  TOT}  for  1  ounce  they  would  be  i/i?  a»  great.  The  curves  are  calculated 
by*Biuatlon  I19J  where  t  ♦  t/«  it  positive,  and  by  Equation  (121  elsewhere. 
Curve  A  shows  the  distribution  of  pressure  at  the  instant  at  which  the  prea- 
sure  wave  first  )<eachet  the  plate  U  •  0),  Curve  B  sliows  the  distribution* 
0.2  ■illiaecond  later  (I  •  9.0002);  at  this  tine  the  refleeted  wave  has  ad- 
vaneed  1  foot  fro*  the  pla^'t.  Curves  C,  0,  E,  P  refar  tlnllorly  to  tinea 
about  O.b,  0.8,  1.6,  2.li  nllUaeconde  after  the  arrival  of  tha  incldeht  ways. 
Curve  P  aerves  also  to  represent  the  final  fom  of  the  reflected  wave;  the 
incident  wave  has  by  this  tine  coepletely  dlaappaared. 

These  flgurea  will  be  Modified  by  the  oceurrence  of  eavitatiwi  in  a 
way  that  depends  upon  the  laws  governing  the  cavitation. 

Cavitation  say  occur  at  lAe  pUt«.  It  atsy  occur  at  aeon  as  tha 
pressure  sinks  tc  the  hydrostatic  pressure  p^i  this  will  be  at  the  InsUnt 
earked  I,  in  Figure  10,  In  this  cose  the  piste  loaves  the  water  with  a  va- 
locity  equal  to  e^  as  given  by  Equation  |1Y1,  and  the  curve  for  the  pres¬ 
sure  on  the  plate  in  Figure  10  coincides  with  the  sals  of  aero  pressure  trem 
the  tine  onwards.  An  alternative  possibility,  however,  is  that  cavitation 
eay  not  begin  until  a  lower  pressure  p^  is  reached,  at  a  later  tike  such  as 
that  narked  It  in  Figure  10.  In  this  ease  the  plate  leavea  the  water  at  the 
tine  (|  with  a  velocity  leas  than  •  the  pi'tssure  on  the  plate  after  l| 

will  then  be  the  eenatant  cavity  pressure  p,.  If  p,  •  p^‘,  the  curve  will 
extend  horlacntally  fron  the  point  tg,  ee  shown  by  the  lower  of  the  broken 


17 


lines.  Instead  of  continuing  doieoMard.  If,  on  the  other  hand,  Is  greater 
t  the  pressure  on  the  plate  will  rise  suddenly  to  the  value  p,  at 
the  Instant  and  will  then  ronla  constant,  as  illustrated  by  the  un>er  of 
the  two  broken  lines  In  Plgure  10. 

The  distributions  of  pressure  In  the  water,  as  plotted  In  Figure  11, 
will  be  codified  in  ways  to  correspond.  The  part  of  the  reflected  wave  that 
Is  reflected  froo  the  water  surface  after  the  occurrence  of  cavitation  will 
be  modified  so  as  to  contain  higher  pressures,  since  the  pressure  at  the  wa¬ 
ter  surface  Is  higher  than  it  would  have  been  If  the  water  had  continued  la 
contact  with  the  plate.  In  Figure  11,  on  each  of  the  later  curves  there  will 
be  a  point  representing  the  Instantaneous  position  of  that  part  of  the  re¬ 
flected  wave  which  was  reflected  Just  as  cavitation  began;  such  a  point  Is 
Indicated  by  a  on  Curve  5.  The  pressure  to  the  right  of  this  point  eootalne 
a  eoiaponent  that  was  reflected  froa  the  free  water  surface  Instead  of  froa 
the  plate  and  hence  will  lie  8<aewhet  higher  than  It  would  In  the  absence  of 
cavitation,  as  Is  suggested  In  Figure  11  by  the  broken  line  sb. 

As  an  alternative,  cavitation  algjit  beyta  i«  (Ac  water  itsel/.  In 
such  a  ease  the  analysis  given  In  foregoing  sections  beconos  applicable. 
CavUation  will  start  at  a  definite  position  as  well  aa  at  a  definite  tlna. 
it  night  begin,  for  exawple,  at  Q  In  Flgut'e  U;  this  point  would  then  repre¬ 
sent  the  position  cf  that  plane  in  the  water,  parallel  to  the  plate,  at  which 
Ute  pressure  first  sinks  to  the  breaking-pressure  p^. 

Proa  this  initial  plane,  a  plane  breaking-front  will  advance  a 
*  short  distance  toward  the  plate,  while  another  one  will  follow  the  reflected 
wave  toward  the  left,  aovlng  a  little  aore  rapidly  than  thla  wave  so  aa  al- 
waye  to  be  In  the  poaltion  U  which  the  total  preasure  equals  p,.  Successive 
positions  of  the  latter  breakli«-front  are  indicated  in  Figure  11  by  Q*,  Q*, 

.  Behind  thla  frottt,  or  on  the  right  in  the  figure.  Ilea  the  oavitated 
region.  In  which  the  preasure  equals  the  cevlty  preasure  p,.  The  boundary  of 
this  region  on  the  side  toward  the  plate  la  not  shown  In  Figure  11,  since  Its 
position  can  only  be  Inferred  froa  a  aore  detailed  atudy  of  the  artlon  of  the 
water  near  the  plate.  The  tmlfona  pressure  p,  behind  the  breaking-front,  on 
the  sssueptlon  that  p^  la  greater  than  p,,  is  illustrated  for  a  certain  in¬ 
stant  of  tine  by  U-.u  bi'otien  line  behind  Q”.  Thus,  the  part  of  Curve  F  to 
the  left  of  Q**,  up  to  12  feet  froa  the  plate,  represents  the  part  of  the  re¬ 
flected  wave  that  get  past  Q  before  cavlUtlon  began,  dlalnlshed  soaeidtat 
threu^  being  partially  overtake  by  the  breaking-front  which  noves  at  first 
at  supersonic  velocity,  the  rcsnlnder  of  Curve  F  Is  replaced  by  the  unlfom 
pressutw  in  the  cavltated  region  or  near  the  plate  by  an  undetemtned  acidi¬ 
fied  pressure. 
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More  eoiplete  figures  are  scareely  worth  conatructlog  until  an' 
actual  known  ease  presents  itself  for  analysis. 


CAVITATIOM.  UNDER  THE  SURFACE  OF  THE  SEA 

When  a  charge  Is  exploded  at  a  sultablt  depth  In  the  oee';».  a  dose 
of  whlte-appearlng  water  Is  seen  to  rise  soswwhat  above  the  surface,  breaking 
after  a  aonent  into  plunes  of  spray.  The  eight  fraaes  froa  a  action  picture 
flla,  Figure  12,  Illustrate  this  phenoaenon.  The  pluaes  are  supposed  to  be 
associated  with  the  escape  of  the  explosion  gases.  Ttte  does,  howet'er,  has 
been  ascribed  to  tho  occurrence  of  cavitation;  a  layer  of  water  at  the  sur> 
face  and  just  under  It.  after  being  kicked  upward  by  the  pressure  wave,  falls 
to  be  Jerked  to  rest  again  by  tlie  action  of  a  reflected  wave  of  equal  ten» 
Sion  and  continues  rising  until  stopped  by  gravity  and  sir  pressure.  This 
explsnstloor  will  be  considered  briefly  on  the  basis  of  the  foregol;\g  analysis 
It  Is  necessary  first  to  fix  upon  the  value  to  be  assuned  for  the 
breaking-pressure  Mllllsr  (7)  found  that  Ute  dosss  was  absent  whenever, 
according  to  his  Measurenents,  the  soxlaun  pressure  reaching  the  surface  was 
under  0.)  ton  or  670  pounde  per  square  Inch,  and  concluded  that  was  rough* 
ly  of  this  sagnltude.  It  uill  be  aasuned,  therefore,  for  the  aonent,  that 
•  .600  pounds  per  square  Inch. 
to  select  a  specific  esse 

for  study,  suppose  that  a  e1»rgc  of  - 

500  pounds  of  TW  Is  d*tonated  50  • 

feet  below  the  turfeee.  then  the  •  ^ 

pressure  wave  should  be  reflected  •  |  J 

fro*  the  surface  aa  a  wave  of  equal  ^  / 

tvuilon,  diverging  fron  the  adrror  e<»soo  Z' 

Isttge  of  the  chaise  la  the  aurfats  •  • 

and  decreasing  In  Intensity  as  It  i  j  *>*coo 

progresses.  Using  ttllllarU  dais,  > 

It  la  easy  to  wap  out  the  lens* 

shaped  voluM  within  tdilch  the  'oo^ 

preesure  uvuild  sink  aMkcnUrlly  Figure  1)  -  plsgran  of  Region  of  Reduced 

ot  dnn  .-AVI  freasurc  following  Reflection  of  s 

at  leael  to  -600  pounds  per  squsr*  fressure  vave  frcei  tne  Surface 

inch  If  there  were  fto  cavitation. 

This  voluM  is  outlined  roughly  by  Utc  lower  curve  in  Figure  1>. 

Application  of  the  eriUrlun  obtained  froai  the  analysis  for  the 
propagation  of  a  breaking-front  indicates,  on  ihe  eonusry,  that  cavitation 
would  in  reality  be  eenflncd  to  a  such  awaller  region,  «dilch  Is  shaded  In 
Figure  13.  To  locate  ihla  mien.  It  is  naccssary  to  eatliaatc  lha  caghlUuiea 
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Figure  1)  -  plsgran  of  Reglcn  of  Reduced 
Fresaurc  following  Reflection  of  a 
fressure  vavc  fro*  tnc  Surface 


of  the  Incident  and  reflected  eaves  as  they  becoae  s 
at  various  points  and  at  various  tiatea.  The  pressiu 
to  decrease  in  Inverse  proportion  to  the  distance  f] 
real  or  assuoed;  and  allouancs  oust  he  aade  for  the 
Is  unn«'cessary  to  give  details  of  the  rather  tedloui 
carried  out  only  roughly. 

By  trial.  It  la  found  that  the  total  presi 
the  value  of  >60O  pounds  i>er  square  Inch  at  a  point 
tlie  charge  and  about  1  foot  under  the  surfaee.  Cav! 
point,  according  to  the  asausptlon  sade  here,  and  t 


kt  the  instant  a  small  part  of  the  incident  wave  has  already 
been  converted  at  the  surface  into  tlM  reflected  wave,  shown  by  the  light 
curve  abo;  the  ronainder  of  the  incident  wave  Is  represented  by  the  curve 
def.  Together  these 'two  conponents  make  the  total  pressure  represented 
by  the  heavy  curve  1111.  Cavitation  is  Just  beginning  at  Q,  where  the  pres¬ 
sure  has  sunk  to  -C'lO  pounds  per  square  inch. 

From  this  time  onward,  the  curve  of  total  pressure  is  clipped  off 
at  -600  pounds  per  square  inch  by  the  breaking-front.  Hence,  at  the  time  2, 
for  example,  tlie  ca’ve  has  its  minliaua  at  -60O  at  B,  and  to  the  right  of  this 
point,  or  toward  the  surface,  lies  a  cavitated  region,  in  which  the  pressure 
has  the  ssiall  negative  value  p,.  Just  under  the  surface,  however.  In  un¬ 
broken  wa  ,  larger  negative  pressures  will  probably  occur.  The  distribu¬ 
tion  o'*  oressure  at  this  Instant  will  thus  be  as  shown  by  the  heavy  curve  222. 

The  breakl.''g-fror.t  will  finally  cease  advancing  when  as  given  by 
’Equation  [2]  becomes  equal  to  e.  In  applying  this  criterion,  it  is  more  con- 
'enlent  to  transform  Equation  I2j  by  substituting,  from  the  theory  of  sound 
waves, 

dVt  ^  d»,  I  dp 

dx  df  ^  df  "  dt 

The  actual  formula  employed  in  making  the  rou^  estimate  was  Equation  146)  In 
Reference  (2).  Using  the  author's  provisional  estimate  of  the  later  part  of 
the  pressure  cui've,  as  represented  on  page  15  of  Reference  (6),  It  was  con¬ 
cluded  in  the  manner  Just  described  that  cavitation  migiit  ultimately  extend 
throughout  a  volume  such  as  that  shaded  In  Figure  14,  or  to  a  horisontal 
radius  of  nearly  100  feet,  but  only  to  a  maxlmun  drnth  In  the  center  of  10 
feet. 

After  the  boundary  of  the  cavitated  region  has  ceased  advanclr<g  as 
a  breaking-front,  it  will  undoubtedly  begin  to  recede  as  a  oloslng- front.  Xo 
attempt  has  been  made  to  follow  this  process,  however,  since  It  seems  to  be 
possible  to  infer  the  gross  features  of  the  subsequent  motion  of  the  water 
from  more  general  considerations. 

The  particle  velocity  Just  behind  the  front  may  be  estimated  from 
Equation  13).  Just  above  Ute  top  of  the  cavitated  layer,  v^,,  representing 
the  resultant  particle  velocity  due  to  incident  and  reflected  waves,  adds 
numerically  to  the  last  term  In  Equation  (3]  and  gives  a  total  upward  par¬ 
ticle  velocity  V,,  in  the  cavitated  layer  of  about  49  feet  per  second.  The 
simultaneous  value  at  the  surface  Is  twice  that  in  the  Incident  wave  or  per¬ 
haps  34  feet  per  second,  Khere  the  descending  part  of  the  front  halts,  how¬ 
ever,  the  positive  direction  for  Is  downward,  whereas  the  actual  particle 
vslocity  Is  due  almost  entirely  to  the  reflected  wave  and  is  upward.  Thus 
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l5  here  nearly  e<i>jal  to  p^/pe,  ao  that  Juat  about  cancela  the  laat 
tern  In  Equation  131  and  la  mil.  It  nay  aafely  be  Inferred  that  the 
particle  velocity  In  the  cavltated  region  will  grade  froa  a  anall  value  at 
the  botton  to  about  feet  p^'tr  aecond  at  the  top. 

The  whole  cavltated  layer.  9  thick,  ahould  therefore  rlae, 
carrying  a  thin  uncavltated  sheet  ot  top  of  It.  This  "solid"  ah  jet  will  In- 
oivase  in  thickness  as  Its  lower  boundary  travels  downward  In  the  fora  of  a 
forced  closing-front.  The  nunerlcal  values  cited  Indicate  that  the  center 
of  gravity  of  the  upper  10  feet  of  water  will  start  upward  with  a  velocity 
of  perhaps  23  feet  per  second;  and  there  should  be  a  downward  acceleration  of 
g  due  to  gravity  and  of  (3^/l0)f  due  to  air  pressure  on  the  top,  or  a  total 
of  4.4  |.  The  center  of  gravity  should  rise,  therefore,  not  over  •  ■  v*/2f  ■ 
25'/8.8  X  32  ■  2.2  feet,  during  a  tlae  »/Up  or  0.2  second.  Tne  surface  of 
the  water  will  rise  higher  but  certainly  not  sore  than  twice  as  high  or,  at 
the  utaset.  3  feat. 

Mow  this  picture  as  Inferred  froa  the  analysis  appears  not  ts  sgreo 
too  w-?U  with  the  facts.  Hllllar's  observations  indicate  that,  in  the  cats 
considered,  the  dose  would  certainly  be  less  than  60  feet  In  radius  but  would 
rlae  In  a  second  or  so  to  a  of  1 3  or  20  feet.  The  analytical  estlsste 

would  be  changed  considerably  if  a  different  breaklng^pressurs  were  assuaed, 
or  if  acre  recent  values  for  ihe  Incident  pressure  were  toployed,  but  a  large 
dlsagreeaent  with  observation  would  reeeln.  The  large  rise  that  la  actually 
observed  could  be  explained  only  by  supposing  that  the  disintegration  of  the 
water  extends  up  to  the  surface  and  serves  to  admit  ataospherle  pressure  to 
the  Interior.  Cavitation  up  to  the  surface  eight  result  free  the  Initial 
presenes  of  air  bubbles  In  the  upper  few  feet  of  water,  which  would  effee- 
tlvely  raise  perhaps  uc  to  p^.  The  whiteness  observed  In  all  explosions 
of  this  kind  does.  In  fact,  extend  to  the  very  edge  of  the  doa«  In  the  photo* 
graphi,  sec  Figures  12  and  13.  Xt  la  not  easy  to  believe,  however,  Uuit  elr 
can  Mix  s-:ffiol*rtly  rapidly  with  the  cavltated  water  to  relieve  tl^e  vacuus 
effectively. 

The  Jaggedneea  of  the  edge  of  the  done,  so  clearly  revealed  by  the 
photogrephs.  suggests  a  aodlfled  hypotheela.  F«i<haps  the  general  leaea  of 
water  really  docs  rise  only  a  few  feet,  as  the  analysis  suggests,  and  what 
Is  seen  as  s  white  done  of  ecnalderable  height  Is  only  an  u!^rella  of  spray 
thrown  up  froa  the  surfaee. 

The  origin  of  the  spray  Itself  le  perhaps  to  be  found  in  an  Insta¬ 
bility  of  the  surfaee  under  ligtulelve  pressui-c.  The  pressure  gradient  la 
equivalent  to  a  Mccentary  Increase  of  gravity  by  s  factor  of  100  to  UOO, 
followed  by  a  reverssl  to  slieiUr  values.  If  there  are  any  saall  wavea  on 
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the  surface,  the  lessor  xaaa  of  vater  under  the  trouts  will  be  accelerated 
aore  violently  than  the  greater  bass  under  the  crests,  but  the  difference  In 
the  accelerations  will  be  greater  during  the  pressure  phase  than  during  the 
subsequent  tension  phase  because  the  Initial  differential  action  tends 'to 
saooth  out  the  waves  or  even  to  reverse  them.  The  Initial  troughs  should 
thus  tend  to  be  thrown  up  as  spray* 

An  Indirect  nethod  of  uetermlnlni  whether  or  not  cavitation  occurs 
under  the  surface  Is  by  studying  the  reflected  wave  of  tension  Itself.  In 
the  absence  of  cavitation,  this  should  be  a  reversed  replica  of  the  Incident 
wave,  reduced  soaewhat  by  the  greater  distance  of  travel,  if,  however,  cav¬ 
itation  occurs,  cnly  the  very  short  Initial  part  of  the  tenelon  wave  ea  pro¬ 
duced  at  the  surface,  containing  the  rapid  drop  to  the  breaking-pressure  p^, 
will  continue  trarelli'.g  below  the  level  at  which  the  brenklng-front  halta. 

It  Is  readily  seen  that  the  lower  boundary  of  the  oavltated  region  should 
stand  still  thereafter  as  a  stationary  boundary,  aa  described  on  page 
For,  as  noted  on  page  8,  2p*  •  p,  e  pev,  when  the  breaking-front  halta,  where 
p'  Is  the  positive  pressure  in  the  incident  wave,  and  thereafter  2p'<p^  ♦  pet^ 
at  p’  deci'casea,  so  that  the  condition  for  a  statlomry  boundary  as  stated 
cn  page  7  ie  set.  The  tall  of  the  InelT^nt  wave  will  be  reflected  fron  this 
boundary  at  a  tension  wave  In  which  the  preasure  Is  p"  *  p,  -  p‘.  Thus  the 
total  reflected  wave  as  it  occurs  below  the  region  of  cavitation  will  be 
qualitatively  as  sketched  at  C  In  Figure  14. 

This  conclusion  la  In  general  hsraony  with  a  series  of  pletoelee- 
trie  observations  reported  in  1924  (8).  Only  relatively  snail  teosiona  were 
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found.  Fresumably  an  Initial  Jab  of  high  tension  such  as  ee  in  Figure  14 
would  have  little  effect  on  the  gage.  The  observed  tensions  would  represent, 
therefore,  aerely  the  reflection  of  the  tall  of  the  incident  wave  froa  the 
bottom  of  the  cavltated  region,  as  Is  stated  In  the  report. 

The  value  of  the  breaking  pressure  nay  be  inferred  most  easily  from 
the  ulnlaua  depth  at  which  the  reflected  tension  appears  In  full  strength, 
indicating  no  cavitation.  One  of  the  observations  mentioned  points  toward  a 
relatively  high  value  of  p^.  A  charge  of  2  lA  pounds  of  guncotton  6o  feet 
below  the  surface  gave  a  naxlmum  pressure  of  910  pounds  per  square  inch  on  a 
gage  placed  I3  f^et  away  and  on  the  same  level.  Without  cavitation,  there¬ 
fore,  the  naxlmum  reflected  tension  should  be  about  910  w  13/120  <•  I15  pounds; 
but  only  13  pounds  was  observed.  Yet  the  maximum  pressure  at  the  surface 
would  be  only  910  x  15/6O  -  230  pounds  per  square  inch.  If  the  gage  was  cap¬ 
able  of  measuring  tensions  effectively,  the  conclusion  Is  Justified  that  In 
this  case  the  water  must  have  cavltated  at  a  tension  scarcely  exceeding  200 
pounds. 

It  must  be  recognized,  however,  that  cavitation  at  the  gage  ml^t 
alter  the  conclusions  materially.  If  cavitation  over  the  gage  occurs  at 
higher  pressures  than  It  does  In  the  water  itself,  then  the  tensions  indi¬ 
cated  by  the  gage  set  only  a  lower  limit  to  the  magnitude  of  the  tension  oc¬ 
curring  in  the  water  itsetf^  ^VpiezoeJcotrlclibs'ervaUoneliii^^ 
consistent  with  the  assumption  that  no  cavitation  at  all  occurs  in  the  midst 
of  the  sea. 

A  few  remarks  nay  be  added  concerning  the  similarity  laws  for  sur- 
fsoe  phenomena.  On  page  9  it  has  been  seen  that  the  change  to  model  scale, 
as  it  is  eommonly  made  in  dealing  with  underwater  explosions,  is  possiblt 
only  uo  long  as  gravity  effects  can  bo  neglected.  In  this  change  all  linear 
dimensions  and  all  times  ere.  changed  In  one  and  the  same  ratio;  the  pressures 
and  velocities  at  corresponding  points  remain  unchanged.  It  follows  that  the 
offeots  of  air  pressui’s  upon  surface  phonomons  will  be  relatively  the  ssme 
upon  all  scales.  Insofar  as  these  phenomena  are  influenced  by  grevlty,  how¬ 
ever,  similar  motions  on  different  scales  are  impossible.  Similar  motions 
would  be  possible  only  if  the  strength  of  gravity  were  changed  in  Inverse  • 
ratio  to  the  linear  dimensions,  so  as  to  preserve  the  value  of  the  quantity 
}£/**  or,  since  «*  Is  unchanged,  of  gL  itself;  L  Is  here  any  convenient 
llnoar  dimension  and  v  is  the  partlole  velocity.  Small-scale  phenomena  thua 
correspond  to  large-scale  ones  occurring  In  a  proportionately  weaker  grevt- 
tetional  field. 

Thl-s  ooneluslon  is  surprising,  for  It  tppeare  to  mean  thet  epray 
should  be  thrown  to  the  same  hel^t  by  ehargea  of  all  aiaea.  thla  would  be 


In  conflict  Mlth  the  suggestion  that  the  done  over  large  charges  jaay  consist 
chiefly  of  spray,  for  a  charge  of  an  ounce  throws  spray  to  a  helf^t  of  a  few 
feet  at  atost.  The  explanation  of  the  difference  aay  posslb^  lie  In  an  In* 
fluence  of  surface  tension  upon  spray  foraatloh.  Since  the  pressure  under  a 
curved  surface  Is  p  ■>  2r/r  In  terms  of  the  surface  tension  Tand  the  radius 
r.  the  relative  effect  of  surface  tension,  tdten  the  pressures  are  unchanged, 
will  be  the  sane  only  If  7  Is  changed  in  the  ratio  of  the  linear  dimensions. 
Ttius  surface  tension,  being  actually  constant,  will  have  a  much  larger  effect 
upon  scall'Scale  than  upon  large-scale  phenomena. 

On  the  other  hand,  as  we  havp  seen,  s  dona  of  superficially  solid 
water  la  limited  chiefly  by  air  pressure,  hence  It  should  follow  the  usual 
linear  scale.  The  absence  of  a  noticeable  iom  over  smII  charges  is  thus 
consistent  with  the  estlnate  of  possible  dome  helots  as  made  In  the  forego¬ 
ing,  and  In  turn  constitutes  evidence  against  the  supposition  that  the  dome 
over  large  charges  consists  largely  of  moderately  disintegrated  water. 

It  must  be  recognized,  however,  that  other  causes  are  possible  for 
the  difference  In  the  surface  phenomena  on  large  and  small  scales.  Pop  one* 
reason  or  another,  cavitation  night  occur  more  easily  In  the  salt  water  of 
the  sea  than  In  the  fresh  water  In  the  laboratory.  Or  It  might  be  that  water 
can  stand  higher  tension  for  the  shorter  times  Involved  in  the  action  of 
smaller  charges.  More  evidence  on  these  points  is  needed. 
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